BaH (and its isotopomers) is an attractive molecular candidate for laser cooling to ultracold temperatures and a potential precursor for the production of ultracold gases of hydrogen and deuterium. The theoretical challenge is to simulate the laser cooling cycle as reliably as possible and this paper addresses the generation of a highly accurate ab initio 2 Σ + potential for such studies. The performance of various basis sets within the multi-reference configuration-interaction (MRCI) approximation with the Davidson correction (MRCI+Q) is tested and taken to the Complete Basis Set (CBS) limit. It is shown that the calculated molecular constants using a 46 electron Effective Core-Potential (ECP) and even-tempered augmented polarized core-valence basis sets (aug-pCVnZ-PP, n = 4 and 5) but only including three active electrons in the MRCI calculation are in excellent agreement with the available experimental values. The predicted dissociation energy D e for the X 2 Σ + state (extrapolated to the CBS limit) is 16895.12 cm −1 (2.094 eV), which agrees within 0.1% of a revised experimental value of <16910.6 cm −1 , while the calculated r e is within 0.03 pm of the experimental result.
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I. INTRODUCTION
Recently, it has been proposed 1 that ultracold hydrogen atoms may be formed by the photo-dissociation of laser cooled hydrides, provided the energy of the fragmentation products is much smaller than the average thermal energy of the parents. At the limit of zero kinetic energy release, the velocities of the hydrogen atoms will match that of the parents, forming a Maxwellian velocity distribution corresponding to a much lower hydrogen atom temperature than the original molecular gas (T H =
T M H m M H
). Quantum chemical calculations of the transition dipoles and Franck-Condon (FC) factors, using the post Hartree-Fock methods Complete Active Space Self Consistent Field (CASSCF) 2 and MRCI 3 , confirmed that BaH was a very good candidate for demonstrating this kinematic effect as the barium atom has a considerable mass and the molecular radical is amenable to laser cooling 4 . In the earlier study a very small (triple zeta quality) two electron basis set for barium was used with the inner 52 electrons replaced by an ECP. To improve agreement with the experimental energy levels of the atom, an -independent Core-Polarization Potential (CPP) was added to the calculation. Although the resulting basis set simulated the reported experimental FC factors very well, there were clearly issues with the calculation of the ground state equilibrium bond length r e (experimental value 5 2.23188651(19)Å) and the dissociation limit [6] [7] [8] [9] . This paper attempts to produce a global, high-quality ab initio potential for the X 2 Σ + ground state of BaH. The heavier familial hydrides YbH and RaH are also attractive precursors of ultracold hydrogen but, unlike BaH, there is currently a lack of reliable theoretical or a) Electronic mail: i.lane@qub.ac.uk experimental data to confirm their suitability. Hydrogen forms the basis of many spectroscopic tests of fundamental symmetries 10 , for the evolution of the Universe 11 and in metrology 12, 13 (for example, the measurement of the Rydberg constant 14 and the proton radius 15 ).
BaH is naturally a heavier cousin of BeH, the simplest stable neutral open shell diatomic. BeH possesses just five electrons and has recently been the focus of two important papers 16, 17 regarding the simulation of its ground potential energy curve. The first 16 was a detailed ab initio study using very large correlation consistent basis sets (aug-cc-pCVnZ) up to seven zeta (n = 7) in character (indeed so large that the MOLPRO 18 ab initio package could not use the largest = 7 functions in the basis set and the effect of excluding them was determined by a separate calculation). When determining the static electron correlation beyond Hartree-Fock level, the CASSCF wavefunction included the excited 3s and 3p orbitals on the Be atom within the active space despite this being a single electronic state calculation. To avoid the sizeextensivity issues inherent in MRCI (for dynamic electron correlation) the MR-ACPF 19 (multi-reference averaged coupled-pair functional) method was used instead. The size-extensivity and basis set superposition errors (BSSE) were determined to both be around 1-2 cm −1 at the n = 7 level of calculation. The calculations were then extrapolated to the CBS limit. Despite the meticulous care taken in producing this ab initio potential, the resulting equilibrium bond length deviated by 0.13 pm from the spectroscopic value. While in excellent agreement for a typical ab initio calculation, for a benchmark molecule it is a little disappointing that such a powerful calculation could not achieve a better agreement. Tremendous pains were then made 16 to include a host of minor corrections to the potential including electron correlation beyond the MR-ACPF method (to a level equivalent to full CI), scalar relativistic effects and diagonal Born-Oppenheimer corrections (DBOC). However, the energy effect of each of these additional contributions (all calculated using much smaller basis sets than used in the MRCI calculation) was small and mutually cancelling, while the improvement in bond length was just 0.04 pm. Furthermore, the bond dissociation energy was 90 cm −1 higher than the best experimental data 20 at that point (17590 ± 200 cm −1 ), though smaller than the raw ab initio result (17699 cm −1 ). The second paper 17 concerned taking that experimental work by Le Roy et al 20 and fitting a new analytical function to the spectroscopic data. Just 5% of the rotationless adiabatic potential has yet to be covered experimentally and still the quantum number of the highest bound vibrational state is unclear. Again great attention to detail was conducted in this study, including mass corrected C 6 , C 8 and C 10 constants for the different hydrogen isotopes. Despite this, the question of whether v = 12 is the highest vibrational level is still unresolved but the experimental D e is now within 1 cm −1 of the corrected ab initio value. If confirmed by future experiments, this would be an amazing achievement for ab initio quantum chemistry.
Given the difficulties in describing the relatively simple BeH, the task of completing accurate potentials for the heavier system BaH, that contains an additional 52 electrons, looks formidable. Furthermore, relativistic effects that were tiny in BeH are amplified in such a heavy hydride. However, 46 or even 54 of the electrons can be replaced with an ECP and many of the scalar relativistic effects can be included in that potential. The larger core was used by Lane 1 and earlier by Preuss and co-workers 6 but in both instances the predicted ground state bond length was calculated to be much too short using a triple zeta basis set. While Preuss and co-workers 6,7 managed to achieve 1 pm accuracy using a smaller (4s,4p,2d) basis set, such behavior is symptomatic of simple error correction. Furthermore, both D e and ω e were much lower 6 than experimental estimates at that time. It should not be forgotten that, despite the short bond length, the 2-electron, CPP + ECP calculation of FC factors is sufficiently accurate 1 to be useful for screening good laser cooling transitions. For accurate calculation of the molecular constants, however, the evidence points to a minimum ten-electron basis set for barium.
Adopting the smaller 46-electron ECP allows the introduction of core-valence interactions with the 5s and 5p electrons as well as providing an opportunity to adjust the number of electrons used in calculating static and dynamic electron correlation. The change in ECP increased the predicted r e value of Kaupp et al 7 by a further 10 pm but this value was now 4 pm too high. Going one step further, Allouche et al 8 introduced an -dependent CPP into a CI calculation of the lowest electronic states of BaH using a triple zeta basis set. Although there were eleven valence electrons, only three were active in the CI step. The X 2 Σ + state equilibrium bond length was still 3 pm too large, but the agreement is better than Kaupp et al. 7 In addition the molecular constants for all the excited states correlating the lowest five electronic states of barium were calculated. 
II. AB INITIO CALCULATIONS A. Computational methods
The initial results reported here were obtained using a parallel version of the MOLPRO 18 suite of ab initio quantum chemistry codes (release MOLPRO 2010.1). MRCI calculations based on State-Averaged Multi-Configuration-Self-Consistent-Field (SA-MCSCF) wavefunctions 2,36,37 were conducted to determine the potential energy curves as a function of internuclear distance r out to bond separation of r = 40 bohr (a 0 ). When dealing with dissociating systems, size-consistency in the calculation is a particular concern, particularly with CI methods 38 restricted to single and double excitations such as the MRCI code in MOLPRO. To estimate the missing higher excitations, the a posteriori Davidson correction 39 was applied to all the results (MRCI + Q). To model the molecular orbitals a variety of correlation-consistent Gaussian basis sets 40 were trialled; aug-cc-pVnZ, cc-pCVnZ-PP, cc-pwCVnZ-PP and aug-cc-pCVnZ-PP. In each calculation, the 46 core electrons of the barium atom were described with an effective core potential of the form ECP46MDF from the Stuttgart group 41 leaving the outer ten 5s5p6s electrons. This allows one to test how each basis set performs for the molecular constants, e.g.; the equilibrium bond length and the dissociation energy D e while keeping the active space constant.
All the electronic structure computations are performed in the C 2v Abelian point group symmetry. In the C 2v point group, molecular orbitals are labelled according to symmetries a 1 ,b 1 ,b 2 and a 2 ; when the molecular symmetry is reduced from C ∞v to C 2v , the correlating
The preferred active space consists of 11 electrons and 17 molecular orbitals 7a 1 , 5b 1 , 3b 2 , 2a 2 ; i.e. a (7, 5, 3, 2) model. However, to describe the Rydberg character of the highly excited states of A 1 symmetry it was necessary sometimes to expand the active space to (9a 1 , 5b 1 , 3b 2 , 2a 2 ). The averaging process was carried out on the lowest five 2 Σ + , 2 Π and 2 ∆ molecular states of this hydride.
B. Ab initio potentials using an AV6Z basis
Typically, the basis set of choice for an MRCI + Q calculation including excited electronic states is the augmented correlation consistent type such as aug-cc-pVnZ to provide the diffuse Gaussians required to model the higher energy electron orbitals. In addition, the larger the value of n the more faithful the model wavefunctions match the real ones. Therefore, the first computations on this hydride were performed using an aug-cc-pV6Z basis on both atoms (Fig. 1) , extending the previous work of Lane 1 . The calculated potentials can be grouped according to three broad types: (1) Fig. 1 ). These AV6Z ΛSΣ potentials are consistent with previous work by Allouche 8 et al. For the ground X 2 Σ + state the calculated value of r e = 2.18Å is in close agreement to the value of r e = 2.16Å obtained 1 using a barium triple zeta basis set (cc-pV5Z basis on the hydrogen), a 56-electron ECP and an independent core polarisation potential (CPP). However, the accepted experimental value 5 for r e is 2.2319Å. The AV6Z basis set also predicts a dissociation energy D e of 2.2687 eV (18293.08 cm −1 ) while the experimental value reported by Kopp et al 21 is considerably smaller, < 2.0271 eV (16350 cm −1 ). Both the discrepancies in the equilibrium bond length and the dissociation energy are rather large for an MRCI+Q calculation with such a substantial barium basis set. Therefore, the investigation was widened to include a variety of other basis sets in an attempt to improve the agreement between the ab initio results for the ground state for this hydride and the spectroscopic constants.
C. Augmented basis sets
An even tempered augmentation can be used to extend both the cc-pCVQZ-PP and the cc-pCV5Z-PP basis 40 
FIG. 1. MRCI+Q results for the lowest 5 states of each symmetry (
2 Σ + , 2 Π and 2 ∆) as a function of bond length. The calculations have been performed with an aug-cc-pV6Z basis set and an ECP with the MOLPRO suite. The potentials shown were used to extract values for both the equilibrium bond distance re and dissociation energy De. For the ground X 2 Σ + state, the calculated equilibrium bond length is re=2.18Å while the dissociation energy is De = 2.2687 eV. The electronic states of the Ba atom fragments are also labelled (only H atoms in the lowest 1 2 S state are produced at these energies). Inset: details of the avoided crossing between C/D 2 Σ + states.
sets. Each basis set is augmented with a single diffuse Gaussian function, the augmented exponent α given by the expression,
where α( ) and β( ) are respectively the last and second last exponent of the appropriate basis set. Calculations are performed in the MRCI+ Q approximation for the even tempered augmented sets (the additional functions are presented in Table I ) and explicitly optimized augmented cc-pCVnZ-PP (n = 4 and 5) sets 40 (these explicitly optimized functions are presented in Table II) . A large augmented basis set is chosen because in quantum chemistry calculations they are known to recover typically ∼ 99 % or more of the electron correlation energy.
D. CCSD(T) versus MRCI+Q
In the search for an ideal basis set, numerous calculations with the MOLPRO suite were performed for the ground state of this hydride. Table III presents results for the different basis sets used in the MRCI+Q approximation, both for the equilibrium bond distance r e and dissociation energy D e , and compares them to CCSD(T) calculations 40 on BaH. CCSD(T) is currently regarded as the most reliable theoretical method for information on ground state potentials. In the MRCI+Q calculations, the CASSCF step is performed over the lowest three 2 A 1 , 2 B 1 , and 2 A 2 states while only the lowest provides results (with either the cc-pCV5Z-PP or ccpwCV5Z-PP basis) comparable to the present MRCI+Q results with the even tempered augmented basis set. The MRCI + Q calculations are also in excellent agreement with the previous RCCSDT 9 and MRCI+Q + including spin-orbital coupling (SOC) 42 values for the dissociation energy. In addition, this optimal basis set can also be used to carry out calculations of excited states, such as A 2 Π, a significant advantage of the MRCI method over CCSD(T).
E. Complete Basis Set Limit
To remove the uncertainty that any close agreement with experiment is the result of computational artefacts, it is best to extrapolate the energies E n calculated with the VnZ basis sets to the limit of an infinite number of Gaussian functions. For the various basis sets shown in Table  III the potential energy of the ground state via the complete basis set limit (CBS) is found using the formulae derived by Jensen 43 with modifications by Karton and Martin
where here n = 5. This expression is used to determine all the CBS potential energy curves in this study. Fig 2 shows the orderly approach to the CBS energy limit for the even tempered augmentation of the cc-pCVnZ-PP basis 40 set. While this extrapolation is usually adopted for static-correlation only, the small dynamic correlation found in the BaH calculations prompted its use here. The close agreement with the experimental r e value found in the CBS potential supports this choice. In Table III 49 . The other ab initio results of great accuracy are those using CCSD(T) where the cc-pCV5Z-PP (all electron) result is within 0.02 pm of the experimental value 5 but if extrapolated to the CBS limit this agreement will be somewhat poorer. Using an aug-cc-pCVnZ/CBS MRCI+Q calculation the ab initio equilibrium bond distance here is within 0.031 pm of the best spectroscopic value.
III. MODELLING THE GROUND STATE

A. Spectroscopic constants of the ground state
An important requirement is ensuring that the final potential behaves correctly at all interatomic distances, particularly at long-range where dispersion forces are dominant 50 . In atomic units, the asymptotic atom-atom potential has the form
where C 6 , C 8 etc. are the polarizabilities with V ∞ the asymptotic limit (atomic products). r is the atom-atom internuclear separation. The dynamic polarization of the ground state, which allows the computation of the leading C 6 term (148 a.u.), has been calculated 52 by Derevianko et al. To calculate the following C 8 term, the formula derived by Tang 53 requires the quadrupole polarizabilities but there are two theoretical values 54, 55 for Ba that produce C 8 values that differ by more than 60%. The smaller value, 11242 a.u., is consistent with the corresponding term calculated 56 for the neighbouring hydride CsH (11710 a.u.), and is therefore the value recommended at present. There is no theoretical or experimental value at present for C 10 in BaH so the expansion was truncated at C 8 : the corresponding calculated value 56 in CsH is 1.194 × 10 6 a.u.
FIG. 3. Analysis of ab initio X
2 Σ + ground state of BaH using LEVEL 57 . The ab initio data was taken with the aug-cc-pCVnZ basis sets (n = 4 and 5) and extrapoliated to the CBS limit. The vibrational levels found in the fit are also presented. The LEVEL 57 program (Version 8.2) was used to calculate the rovibrational levels of the resulting ab initio X 2 Σ + aug-cc-pCVnZ/CBS potential. A smooth potential was produced through interpolation of the ab initio points with a 4-point piecewise polynomial (NUSE=4, IR2=1), and extrapolation past r = 15.88Å using a fixed C 6 = 7.110512 ×10 5 cm −1Å −6 (no C 8 or C 10 ) (ILR=2). Based on this potential the equilibrium bond length and dissociation energy were determined to be 2.2322Å and 16895 cm −1 . Twenty-two vibrational levels were predicted for the system, with v = 21 lying just 0.2 cm −1 below the dissociation limit. Comparison of the relative energies of the first four vibrational levels based on this potential with experimental values 5 show good agreement, all within 1.7 cm −1 (Table IV) . There is a significant jump in the error with respect to the earlier RKR levels at v = 4, a result of the lack of experimental data for the higher vibrational levels and consequently the present results are probably more reliable for those missing vibrational levels.
B. 3 electron versus 5 electron MRCI+Q
Though the calculated bond length is only <0.031 pm away from the experimental value, another effort was made to explore possible improvements to the accuracy of the ab initio potential. In order to quantify the effect of including additional dynamic electron correlation, further MRCI+Q calculations were performed with the cc-pCVQZ-PP basis set 40 using both 3-and 5-electrons active at the CI stage. From the ab initio work shown in Fig. 4 it is found that the active 5-electron model lowers the absolute (total) energy of the ground state minimum for this hydride by just 3 milli-Hartrees (mE h ). The subsequent change in the equilibrium bond distance r e was also tiny, an increase of 0.055 pm. These very small changes in the total energy and equilibrium distance subsequently justifies the use of the 3-electron model for both the ground and excited states considered as opposed to the more computationally intensive active 5-electron model.
C. Including spectroscopic data
There is an extensive selection of pair-potentials in the literature to describe the r dependence of the interaction energy in a diatomic molecule (see the supplementary information from Xie et al for a comprehensive list 60 with over a hundred examples). Two of the most successful functions are the Tang-Toennies 61 potential (and its variants) and the Morse-Long-Range 62 (MLR) function. The ab initio data here was fitted to a MLR potential using betaFIT (version 2.1) 59 in order to find an analytical function to express the potential. Prior to fitting, the potential was shifted by 0.03 pm so that the ab initio potential minimum was aligned with the experimental r e value to an accuracy better than 0.01 pm. This simplifies the inclusion of experimental data at a later stage. The MLR potential is described by
where D e is the dissociation energy and u(r e ) is value of u(r) at the equilibrium bond distance. where r i = r e or r ref and the latter is usually greater than or equal to r e . As the fit is viable for a large range of r ref , it is worth tuning this value to improve the fit (Fig. 5) . MLR functions producing local minima were selected as starting points for later fitting to spectral data. Typically, two different values of n are required for an acceptable fit (in the present work, n = 8 and 3) in the β(r) expansion. The first issue is what to set as the error in the ab initio points. Since the vibrational frequencies are calculated to within an average of 2 cm −1 the error in each ab initio point was initially set rather arbitrarily as 10 cm 65 that used only one expansion co-efficient p) has recently been used to describe the ground state of MgH, the only hydride other than H 2 with an experimental dissociation energy determined to sub-wavenumber accuracy. The fitted D e is just over 4 cm −1 lower than the result from the ab initio potential (Table VI) , as it was allowed to vary slightly during the fitting process.
The parameters fitted to MLR Fig. 5 , those MLRs obtained from the local minima in betaFIT were not found to be as successful. p = 8, q = 3 were selected as the best parameters after screening other combinations. As DPotFit utilizes a dimensionless root-mean-square-deviation (dd) as its means of determining how closely a model matches the observed data, it is crucial that a reasonable assessment of the uncertainty in the observable data is made.
Thus, as the uncertainty in the ab initio E obs was set to 20 cm −1 , deviations from the fitted MLR do not lead to a large increase in the dd. At the chosen r ref the dd between the MLR 3.34 8,3 (12) potential fitted by betaFIT and the ab initio points was only 0.4570 representing a close fit within the selected uncertainty. By contrast the original emission data was quoted to much higher accuracy, so any deviations between the model and the spectral measurements can lead to a significant increase (left hand data, Table VI) in dd. Due to the arbitrary nature of the uncertainty assignment in the ab initio data, the associated dd should not be compared directly to the dd in fits to experimental data.
As DPotFit tries to fit to very accurate spectroscopic data, the initial uncertainty in the fit is very high. Allowing β parameters to become fitted parameters produces a final potential which matches the experimental data much more closely than the ab initio potential alone. During the fitting, both C 6 and C 8 were fixed at the recommended theoretical values, and were incorporated as the long range tail of the MLR potential with Douketistype damping 68 with s = −1. Additionally, the effect of spin rotation coupling is incorporated through a modification to the MLR potential 67 using the expansion coefficients listed in 
corrections.
DPotFit incorporates BOB corrections through the atom-dependant potential, with the effects parametrised within the radial strength functions: 
WhereS
A ad (r) is the atom-dependant adiabatic BOB radial strength function andR A na (r) the non-adiabatic BOB radial strength function. Incorporating fitted terms (Table VII) for N ad = N na = 2 along with fitted MLR parameters (Table VI) while keeping r e fixed at 2.2319Å produced an MLR potential with dd = 6.143. Allowing r e to also be a fitted parameter lowered D e by nearly 50 cm −1 but further reduced dd to 6.083. While substantially higher than what would usually be deemed a "good" fit 67 (dd < 1), comparison with results from the most recent study 5 of the E( 2 Π) → X( 2 Σ + ) transition, a data set not used in the DPotFit analysis, highlights the much improved agreement with the experimental observations (Table VIII) than the raw ab initio results from Table IV. In addition, a number of further details were evident while developing the hybrid potential. The experimental values 35 for the spin-rotation constant γ(v) follow a very clear v dependence 70, 71 (Fig. 6 ) that can be modelled as a simple Taylor (linear) expansion: ) and at long range ought to be labelled D 
D. Excited states
Extending the ab initio study to excited states, the lowest energy 2 Π state was calculated using the even tempered augmented cc-pCV5Z-PP basis set 40 . Despite being carried out with a CASSCF calculation including 5A 1 , 5B 1 and 5A 2 states and the MRCI being carried out over 5B 1 states, the resulting potential has an r e of 2.2698Å, within 0.38 pm of the best experimental value from Barrow (quoted in Allouche 8 et al). The calculated difference in X 2 Σ + and A 2 Π bond lengths is therefore ∆r e = 3.97 pm compared to the experimental difference of 4.16 pm, a discrepancy of just 2 mÅ. Of course, for a truly faithful reproduction of the A 2 Π state not only must spin-orbit coupling be included in the calculation, but also the angular momentum coupling with other electronic states. However, for FC factors the fact that ∆r e is so close to experiment is reassuring and small energy shifts in general do not have a large effect.
The two potentials were then used to obtain FC factors between the X 2 Σ + and A 2 Π vibronic states using LEVEL. The highly diagonal nature of the A 2 Π ← X 2 Σ + transition is clear when the wavefunctions from both states are compared as in Fig. 8 . The diagonal FC factor f 00 is almost identical to that found in the earlier study by Lane 1 using the larger ECP and a much smaller triple zeta quality basis set, though the agreement reduces with each increase in vibrational quantum number (by f 33 the difference is 5.8%, compared to 0.1% for f 00 ). Using the revised dissociation energy D e of the ground state (< 16910.6 ± 0.5 cm −1 ), the 3 D -1 S separation in bar- Fig. 9 . The 2 A 1 states are the most common symmetry at lower energies and therefore valence states dominate in Fig. 9 . Comparing to the previous AV6Z calculation, the less diffuse nature of the largest Gaussian functions in our adopted aug-pCVnZ-PP basis sets has resulted in the greater weighting of valence states over Rydbergs and so the C 2 Σ + state has disappeared. To describe the Rydberg character of the 2 Σ + states, it's necessary to expand the active space in the MRCI+Q calculations to at least (8a 1 , 5b 1 , 3b 2 , 2 2 ).
IV. SUMMARY AND CONCLUSION
In this paper we have attempted to develop a reliable potential energy curve for the X 2 Σ + state of the BaH radical. Encouraged by the close agreement in the literature between relativistic and non-relativistic ab initio calculations, we have used the MRCI+Q method to determine the shape of the X 2 Σ + potential and the dissociation energy. With an even-tempered augmented ccpCVnZ-PP basis set taken to the CBS limit, we have calculated the equilibrium bond length to within 0.031 pm of the experimental value and of comparable accuracy to the more trusted CCSD(T) technique. While the ten 5s5p6s electrons from barium are necessary to calculate the static correlation energy, only the valence 6s electrons are needed to cover the majority of the dynamic correlation. The computed dissociation energy (16895.12 cm −1 ) is in good agreement with other theoretical values suggesting a revision of the experimental dissociation energy to D e <16910.6 cm −1 . The calculated dissociation energy of the excited A 2 Π state (16076.75 cm −1 ) is also consistent with this experimental value. The vibrational levels of the ab initio X 2 Σ + potential achieve an average agreement of just over 1 cm −1 with the best experimental values. Refining the potential with experimental data using DPotFit improves the agreement to better than 0.005 cm −1 for the lowest vibrational levels.
